b1 integrin signaling plays crucial roles in enteric nervous system development. discovered that phosphatase and actin regulator 4 (Phactr4) antagonizes b1 integrin signaling through protein phosphatase 1 (PP1) in focal adhesions of enteric neural crest cells (ENCCs). Loss of Phactr4-PP1 interaction leads to increased b1 integrin signaling, loss of collective and directional migration, and hindgut hypogangaliosis, indicating that the right adjustment of b1 integrin signaling is required for the normal migration and organization of ENCCs.
Hirschsprung disease (HSCR; also called congenital aganglionic megacolon) is a congenital disorder of the distal colon in which the enteric nervous system (ENS) is absent (Brooks et al. 2005) . The lack of the enteric neurons leads to a contracted colon, which prevents peristaltic movements of the intestine and obstructs the passage of food residue. The cause for the absent ENS can be due to impaired proliferation, differentiation, or migration of enteric neural crest cells (ENCCs) into the distal colon and rectum (Heanue and Pachnis 2007) . ENS development commences at around embryonic days 9-9.5 (E9-E9.5) in mice, when vagal neural crest cells emigrate from the neural tube and invade the foregut (Newgreen and Young 2002) . From the foregut, they migrate as ENCCs in a rostrocaudal direction to colonize the developing gastrointestinal tract. When the gastrointestinal tract is colonized, the ENCCs differentiate into different subtypes of neurons and glia, which organize into ganglia and finally interconnect to form the mature ENS (Fig. 1) . The differentiation and migration of ENCCs are orchestrated by chemoattractants such as Glial cell line-derived neurotrophic factor (GDNF) and endothelin 3 and their cognate receptors, RET and endothelin-B receptors, respectively (Hearn et al. 1998; Young et al. 2001; Barlow et al. 2003; Burzynski et al. 2009 ).
The migration of ENCCs has been studied by timelapse video microscopy in gut explants derived from transgenic mice expressing fluorescent reporter genes in neural crest cells. These studies revealed several intriguing features of their complex migration behavior. ENCCs form long chains in which the cells are tightly connected via cell-cell adhesion (Young et al. 2004) . At the migratory wave front of these cell chains are a few solitary cells, also called advanced cells. They detach from the cell chains, explore the environment by continuously protruding their plasma membranes, and aid the forward migration of the following chain of cells Epstein 2005, 2007) . ENCCs migrate along most of the gastrointestinal tract with a net migration speed of ;30-40 mm per hour (Young et al. 2004; Druckenbrod and Epstein 2005) . When they reach the junction with the caecum, they pause for ;8-12 h. During this period, the migrating chains dissociate into single cells, which move into the caecum, where they show a rapid and nondirectional migration behavior (Druckenbrod and Epstein 2005) . Once they have reached the colon, they rejoin into cell chains, form advanced cells at the wave front, and resume the usual migratory mode. The exact reason for the switch of the migratory mode in the caecum is not known. However, it is likely due to the unique signaling and tissue environment of the caecum (Heanue and Pachnis 2007) . For instance, the caecum is tremendously rich in extracellular matrix (ECM) proteins such as fibronectin (FN) . FN binds to b1 integrins, which were shown to be essential for the migration of ENCCs (Breau et al. 2009 ).
Integrins are the major cell adhesion molecules for the ECM. They are heterodimeric transmembrane receptors consisting of an a and a b subunit. The human and mouse proteomes contain 18 a and eight b subunits, which can assemble into 24 different integrin heterodimers, each binding to a specific set of ECM proteins (Humphries et al. 2006) . A hallmark of integrins is that they must change their conformation before they can bind their ECM ligand (Moser et al. 2009 ). Following ligand binding, integrins cluster and recruit signaling, adaptor, and actin-binding molecules to their cytoplasmic domains, which results in the coupling of the ECM to the actin cytoskeleton and the formation of a large signaling hub known as focal adhesion (FA) (Geiger et al. 2009 ). Integrin signaling is finely tuned to control a large number of biological processes, including directional and persistent cell migration. To achieve this, integrins regulate the subcellular activity of small RhoGTPases, which are essential for the dynamic formation of a stable and persistent lamellipodium at the leading edge of a migrating cell, and adjust the activity of actin-modulating proteins, including actin nucleators such as formins or the Arp2/3 complex, filamentous actin (F-actin)-severing proteins such as cofilin, and others (Petrie et al. 2009 ). It is important to note that diminished as well as elevated signaling by integrins can lead to pathology. This is nicely demonstrated in mice with decreased and increased b1 integrin function (Bouvard et al. 2007; Legate et al. 2009; Rantala et al. 2011) .
The b1 integrin subunit can associate with 12 a subunits and thus forms the largest integrin subfamily. Constitutive deletion of the b1 integrin gene leads to peri-implantation lethality in mice (Fassler and Meyer 1995) . Deletion of the b1 integrin gene in neural crest cells affects the formation of multiple neural crest-dependent structures, including the ENS, leading to a HSCR-like phenotype with agangaliosis of the distal part of the colon ( Fig. 1 ; Breau et al. 2006 ). The ENS defects are due to impaired migration and the formation of abnormal aggregates of ENCCs in the distal midgut, caecum, and hindgut. The major requirement for b1 integrin expression for ENCCs becomes apparent when the migration pauses, and they should dissociate and invade the caecum and the adjacent hindgut. The b1-null ENCCs remain abnormally aggregated and show reduced migration speed and persistence, resulting in diminished colonization of the rostral hindgut with ENCCs and a complete absence in the caudal hindgut (Breau et al. 2009 ). The migration defect of b1-null ENCCs has not been well studied so far, but it is believed that several factors contribute to the defective hindgut colonization. An abnormal activation of small RhoGTPases through reduced adhesion to FN is most likely the major cause for the impaired migration machinery of b1-null ENCCs. Furthermore, due to the delayed invasion of the caecum and the hindgut, the b1-null ENCCs are believed to meet a growing and differentiating environment that is no longer permissive for incoming ENCCs to migrate efficiently and thus may prevent them from reaching the caudal hindgut. Finally, it has been shown that the density of ENCCs correlates with the efficiency of their own migration (Druckenbrod and Epstein 2005) . Therefore, the reduced number of b1-null ENCCs and their clustering in aggregates may also contribute to their failure to reach the rectum. These observations demonstrate that the loss of b1 integrin expression severely compromises the migration of ENCCs and the formation of a functional ENS. In this issue of Genes & Development, Zhang et al. (2012) report that phosphatase and actin regulator 4 (Phactr4), a novel adaptor protein, is present in FAs of ENCCs, where it antagonizes b1 integrin signaling and diminishes the activity of the actin-severing protein cofilin. Consequently, impairing Phactr4 function in mice leads to increased b1 integrin signaling in their ENCCs, resulting in severe defects in their migration and colonization of the hindgut.
The Phactr family of proteins consists of four members (Phactr1-4). They were initially identified as protein phosphatase 1 (PP1)-binding proteins in a yeast-two-hybrid screen (Allen et al. 2004 ). In addition to the C-terminal PP1-binding domain, all four proteins contain three RPEL repeats, which are actin-binding motifs (Miralles et al. 2003) . Since immunoprecipitation of Phactr1, Phactr3 (also known as Scapinin), and Phactr4 brings down actin from the soluble fraction of a cell lysate (Allen et al. 2004; Kim et al. 2007; Sagara et al. 2009 ), it is believed that Phactr proteins bind G-actin. All four members are expressed in the mouse brain; however, each isoform has a distinct distribution and is found in different subcellular compartments (Sagara et al. 2003; Allen et al. 2004; Farghaian et al. 2011) . Data on the in vivo functions of these proteins are scarce. In a forward genetic screen for neural tube closure defects in mice, Niswander and colleagues (Kim et al. 2007 ) identified a R650P missense mutation in Phactr4, which they called humdy (Phactr4 humdy ). The R650P mutation disrupts PP1 binding to Phactr4 and leads to an inhibitory phosphorylation of PP1 at Thr 320 (Fig. 2) and loss of PP1 activity toward the retinoblastoma protein (Rb) (Kim et al. 2007 ). In the current study, Zhang et al. (2012) report that mice with a homozygous Phactr4 humdy mutation develop a HSCRlike phenotype (Fig. 1) . In the majority of Phactr4 humdy mutant mice, the number of enteric neurons was normal, but they were individually distributed in the stomach, foregut, and midgut, instead of clustered in ganglia, and the neurites were disorganized. The hindgut of Phactr4 humdy mutant mice contained fewer neurons, which were also abnormally distributed and without interconnected neurites. In rare cases, neural crest cell invasion of the entire bowel was abolished. Using gut explants combined with time-lapse video microscopy, Zhang et al. (2012) showed that the migration behavior of Phactr4 humdy ENCCs is Figure 1 . Physiologic b1 integrin signaling is required for the normal migration and organization of ENCCs. The collective migration ENCCs in cell chains establishes an interconnected network, which resembles the organization of the ganglia and the interconnecting neurites of the mature ENS. While the b1 integrin gene ablation leads to abnormal ENCC aggregates and delayed invasion of the caecum, the Phactr4 humdy mutation leads to increased b1 integrin signaling, dissociation of ENCCs, loss of collective migration, and hindgut hypogangaliosis.
abnormal and is responsible for the aberrant formation of the ENS. The normal number of ENCCs in the foregut and midgut and the reduced number in the hindgut suggests that Phactr4
humdy ENCCs may have a defect in exiting the caecum and resuming collective chain migration in the adjacent hindgut. This possibility, however, was not tested, but could be analyzed and confirmed with graft assays. Zhang et al. (2012) excluded defective proliferation or differentiation of ENCCs as the cause for the HSCR-like phenotype and showed with several imaging experiments that the collective and directional migration of Phactr4 humdy ENCCs was abnormal. Imaging ENCC migration in hindgut explants revealed that the Phactr4 humdy ENCCs lost their ability to form chains and to migrate in the caudal direction. Instead, they moved as single cells, which showed an erratic and nondirectional migration behavior. When the gut explants were embedded in collagen gels, the invasion of Phactr4 humdy ENCCs into the collagen gel could be triggered by exogenous GDNF, albeit with lower efficiency when compared with wild-type cells, suggesting that the Phactr4 humdy mutation abrogates the migration machinery of ENCCs rather than the ability to respond to a GDNF gradient. This hypothesis was confirmed with mouse embryonic fibroblasts (MEFs) from Phactr4 humdy mutant mice that generate multiple retraction fibers and highly dynamic and unstable lamellipodia when cultured in two dimensions. Clearly, such erratic membrane protrusions and increased cell contractility can account for the loss in directionality.
How could the Phactr4-PP1 complex regulate migration of ENCCs at the molecular level? Experimental results by Zhang et al. (2012) indicate that in Phactr4 humdy cells, PP1 activity is diminished and/or misregulated, b1 integrin and Rho kinase (ROCK) activities are high, and cofilin is hyperphosphorylated at Ser 3 (likely through ROCKmediated LIMK activation), which leads to a diminished severing of F-actin. These findings suggest that PP1 activation through binding to Phactr4 in wild-type cells antagonizes b1 integrin-ROCK-cofilin signaling to enhance cofilin activity and thereby promotes directional migration by maintaining a polarized actin cytoskeleton (Fig. 2) . Consistent with a requirement of an active PP1 for persistent directional cell migration, chemical inhibition of PP1 induced a migration defect in wild-type ENCCs of gut tissue explants and in wild-type MEFs that closely resembled the defects observed with Phactr4 humdy cells. In both cultured MEF cells and gut tissue explants, functional blockade of b1 integrins using antibodies or RGD peptides or by inhibition of ROCK rescued the migration defect. Strikingly, blocking b1 integrin function in gut tissue explants largely restored the collective migration ENCCs and the net speed of the forward-moving wave front. This Figure 2 . (A) Role of the Phactr4-PP1 complex in normal ENCCs. b1 integrin signaling can activate ROCK through multiple, although not completely understood, pathways. ROCK, in turn, activates nonmuscle myosin II (NMII) and LIMK, which promotes the phosphorylation and subsequent inactivation of cofilin. Phactr4 interacts with PP1 and activates its phosphatase activity. The enhanced PP1 activity has two consequences: PP1 directly dephosphorylates and activates cofilin, and PP1 antagonizes b1 integrin signaling (and thus ROCK activation) through unknown mechanisms. The reduced ROCK activity leads to reduced activation of NMII and decreased inactivation of cofilin. The reduced NMII activity dampens the contractility of ENCCs, and the increased cofilin activity enhances directional migration of ENCCs. The increased cofilin activity also liberates G-actin, which can bind Phactr4 and may thereby regulate the functional properties of the Phactr4-PP1 complex in a putative feedback loop. (B) Misregulation of PP1 in Phactr4 humdy cells. Loss of the interaction between Phactr4 and PP1 in the Phactr4 humdy mutant mice leads to decreased and misregulated PP1 activity. Consequently, cofilin is not inactivated and the b1 integrin signaling pathway is not blocked, resulting in the loss of directional migration and increased cell contractility. In both panels, solid red arrows indicate direct activation between proteins; solid black arrows indicate a shift in protein activity (active/inactive cofilin, PP1, and Phactr4) or state (F-actin/G-actin); dotted red arrows indicate an unknown, multistep activation process; dotted black arrows indicate a putative feedback loop; and white protein boxes represent active proteins, while gray boxes represent inactive proteins.
Phacr4 regulates integrin signaling observation strongly suggests that b1 integrin activity needs to be down-regulated, particularly when ENCCs invade the hindgut and are exposed to a change in FN concentration to resume chain migration. One crucial question is at which point Phactr4-PP1 intersects with b1 integrin-ROCK-cofilin signaling. Another unanswered question is how Phactr4-PP1 controls cell contractility. It has been shown that overexpression of constitutively active LIMK (which can phosphorylate cofilin) or phospho-mimicking mutants of cofilin disrupts cell polarity by inducing the formation of multiple lamellipodia (Dawe et al. 2003) . However, cofilin does not directly interfere with cell contractility. Contraction along F-actin filaments is mainly mediated by nonmuscle myosin II (NMII) in nonmuscle cells (Vicente-Manzanares et al. 2009 ). PP1 is the major phosphatase that dephosphorylates myosin regulatory light chain (MRLC) (Matsumura and Hartshorne 2008) . On the other hand, it is well known that ROCK activates NMII by phosphorylating the MRLC. ROCK also reduces the activity of PP1 toward MRLC by phosphorylating myosin phosphatase-targeting subunit 1 (Totsukawa et al. 2000) . Since chemical inhibition of ROCK restored lamellipodia formation in Phactr4 humdy cells, it is conceivable that Phactr4-PP1 regulates integrin signaling upstream of cofilin. However, since ROCK inhibition only partially rescued the collective migration of Phactr4 humdy mutant ENCCs, it is likely that Phactr4 also regulates other signaling events downstream from b1 integrin through either controlling PP1 activity or other unknown mechanisms (Fig. 2) .
PP1 is a ubiquitously expressed serine/threonine phosphatase that regulates many biological processes, including cell survival, cell division, metabolism, and cytoskeletal reorganizations (Cohen 2002) . PP1 consists of a catalytic and a regulatory subunit. There are three isoforms of PP1 catalytic subunits: PP1a, PP1b, and PP1g. The recruitment of the catalytic subunit of PP1 to regulatory subunits determines the subcellular localization and the substrate specificity of PP1 (Shi 2009 ). For instance, the actin-binding regulatory subunit spinophilin targets PP1 to actin filaments and cell-cell junctions (Satoh et al. 1998) , where it also blocks potential substrate-binding sites on the catalytic subunit and thereby increases substrate specificity (Ragusa et al. 2010) . Notably, Phactr4 can interact with all PP1 family members, making Phactr4 a potent and multifunctional regulator of PP1 signaling (Kim et al. 2007) . Actin binding by Phactr proteins could add another level of complexity. Biochemical analysis has shown that Phactr proteins interact with G-actin through RPEL repeats. Consistent with this finding, the localization of overexpressed Phactr4 is largely reciprocal with actin stress fibers. The interaction between Phactr and G-actin is likely to reduce actin polymerization in cell protrusions (Sagara et al. 2009 ). Furthermore, it is currently not known whether G-actin and PP1 binding to Phactr4 are mutually exclusive, synergistic, or independent. Since RPEL repeats abut the PP1 binding domain, it is possible that actin binding to the RPEL repeats might compete with the PP1 recruitment through steric hindrance. Low G-actin concentration might thus lead to the formation of Phactr4-PP1 complexes, which could then activate cofilin to increase the G-actin pool. In such a scenario, Phactr4 could serve as a feedback regulator that senses actin dynamics and modulates PP1 activity accordingly (Fig. 2) . To further clarify these issues, structural analysis of the actin-Phactr-PP1 complex will be needed.
The subcellular localization Phactr4 is likely important to locally regulate PP1 activity. Endogenous Phactr4 colocalizes with b1 integrin in mature FAs of MEFs seeded on FN. Whether it also localizes to other subcellular compartments such as cell-cell adhesion sites has not been investigated so far. The immunolocalization of Phactr4 in FAs makes Phactr4 a novel FA protein. Interestingly, Phactr4 humdy is also recruited to FAs, indicating that its recruitment does not require the interaction with PP1. FAs have a complex protein composition and an intricate molecular organization and are highly dynamic. As with all classic signaling centers, kinases are abundant in FAs, and many FA proteins become phosphorylated at multiple sites. How PP1 activity is controlled to balance the phosphorylation state of its target proteins and how it achieves substrate specificity in this compartment are not understood. Many potential PP1 regulatory partners have been found. Besides tensin (Eto et al. 2007 ), PINCH1 has recently been identified as a regulator of PP1a in FAs (Eke et al. 2010) . PINCH is a constitutive component of the integrin-linked kinase, PINCH, and parvin (IPP) complex (Legate et al. 2006) . PINCH interacts through a consensus PP1 interaction motif in its fifth LIM domain with PP1a, but not with the two other isoforms. This interaction inhibits the activity of PP1a against Akt1 and regulates cell survival (Eke et al. 2010) . Since the IPP complex is crucial for b1 integrin-mediated cell motility and adhesion, it is possible that Phactr4 might also regulate b1 integrin signaling by competing with PINCH for PP1a binding. Reciprocally, PINCH binding to PP1a might shift the binding of Phactr4 to other PP1 isoforms and thus modulate the activity and substrate specificity of the Phactr4-PP1 complex.
In conclusion, the work on Phactr4 gives a new flavor to our understanding of how b1 integrin signaling is regulated at different stages of ENCC migration. But, as with all studies describing novel and exciting findings, the study by Zhang et al. (2012) also raises many new questions: How does the Phactr4-PP1 complex intersect with integrin signaling, and is cell-cell adhesion regulated directly by Phactr4-PP1 or indirectly through integrins? Is it possible that Phactr proteins control cell migration not only by regulating PP1 activity, but also by regulating actin dynamics via a feedback regulatory loop involving the binding to PP1 and G-actin? Finally, is the aberrant upregulation of phospho-cofilin the only known substrate of PP1 that disrupts cell polarity, or is the Phactr4 humdy phenotype in ENCCs due to a combined dysregulation of many PP1 downstream targets? Time will surely give us the answers!
